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Available online 2 July 2015Stem growth habit is an important agronomic trait in soybean and is subject to artificial
selection. This study aimed to provide a theory for genotypic selection of stem growth
habit for breeding purposes by analyzing the alleles of GmTfl1 gene in Chinese soybean
varieties and establishing a database of GmTfl1 variation. Using knowledge of insertion
and deletion (Indel) in the non-coding region and four single-nucleotide polymorphisms
(SNPs) in the coding sequences of the GmTfl1 gene, four CAPS and one Indel markers were
developed and used to test 1120 Chinese soybean varieties. We found that the dominant
GmTfl1 allele was prevalent in accessions from the Northern ecoregion, whereas the
recessive allele, Gmtfl1,wasmore common in the Southern ecoregion, and the proportions
of GmTfl1 and recessive alleles were respectively 40.1% and 59.9% in the Huang-Huai
ecoregion. The proportion ofGmTfl1 decreased and that ofGmtfl1 increased, gradually from
north to south. Allele GmTfl1-a was present in higher proportions in the Huang-Huai
spring, Huang-Huai summer, and Northern spring sub-ecoregions than that in the other
sub-ecoregions. GmTfl1-b was common in the Northeast spring, Northern spring and
Southern summer sub-ecoregions. Gmtfl1-ta was found mainly in the Huang-Huai spring,
Huang-Huai summer and Southern spring sub-ecoregions. The Gmtfl1-ab allele was
distributed in all six soybean sub-ecoregions. The Gmtfl1-bb allele was distributed mainly
in the Huang-Huai spring and summer and Southern spring and summer sub-ecoregions,
but the Gmtfl1-tb allele was detected only in the Huang-Huai summer sub-ecoregion. The
distributions of GmTfl1 and Gmtfl1 have shown no large changes in nearly 60 years of
breeding, but the frequency of the recessive genotype Gmtfl1 has shown a rising trend in
the last 20 years. This study provides a theoretical foundation for breeding new soybean
varieties for different ecoregions.Keywords:
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The stem growth habit of soybean [Glycine max (L.) Merr.], also
known as the stem termination podding habit, refers to the
flowering and podding habit of soybean. It is not only important
as a morphological and ecological trait [1] but can be used to
study theories of soybean origin and evolution [2]. Generally,
stem growth habit is divided into three types: determinate,
semi-determinate, and indeterminate. These types are closely
associated with several other important traits including
height, flowering period, node number, growth period, water
use efficiency, and yield [3,4]. Under high water and nutrient
conditions, semi-determinate varieties are most likely to devel-
op higher yield potentials [5,6]. Varieties with different stem
growth habits also differ in dry matter accumulation, yield
formation period, and other physiological traits that can affect
the cultural practices that maximize yield [7]. As mentioned
above, the accurate identification of stem growth habit is
important for producing commercially viable soybean varieties.
However, changing environments can markedly influence the
accurate identification of a particular variety's determinacy [8].
Previously, researchers have identified the stem growth habit
mainly by observing the difference of inflorescence and com-
pound leaf development at the top of the stem during the
floweringperiod [9], the length + width ratio of themiddle leaflet
of the top leaf to that of the biggest leaf of plants, dry matter
accumulation with or without inflorescence, and the number of
nodes above a given point [10–12]. However, each of these
criteria can be greatly influenced either directly or indirectly by
environment and human error.
Stem growth habit is genetically controlled by two loci,
Dt1 and Dt2 [8,13]. Of these, Dt1 is the primary locus. The
indeterminate stem growth habit controlled by the Dt1/Dt1
genotype exhibits a dominant or completely dominant role over
the determinate stem growth habit controlled by dt1/dt1 [14,15].
Dt2 has a nearly dominant role over the recessive dt2. In the
Dt1/Dt1 background, the Dt2/Dt2 genotype shows a determinate
stem growth habit and dt2/dt2 an indeterminate one. Moreover,
dt1 exerts an epistatic effect over Dt2 and dt2, explaining the
determinate growth of soybeans with genotype Dt2/Dt2 and
dt2/dt2 in a dt1/dt1 genetic background [8]. Both Liu et al. [16] and
Tian et al. [17] cloned the Dt1 gene in soybean and named it
GmTfl1. They also showed that the change from indeterminacy
to determinacy is controlled by the substitution of four
nonsynonymous amino acids. The two dominant alleles are
named respectively GmTfl1-a and GmTfl1-b and the four
recessive alleles are named Gmtfl1-ta, Gmtfl1-ab, Gmtfl1-bb, and
Gmtfl1-tb [17]. By sequencing, Tian et al. [17] identified the stem
growth genotype of 195 soybean varieties from a minicore
collection and someAmerican ancestral parents and bred lines.
In recent years, with the rapid development of functional
genomics, a new type of functional molecular marker based
on genetic variation has been developed. The development of
functional molecular markers is based on single-nucleotide
polymorphisms (SNPs) and insertion/deletion (Indel) sites infunctional gene sequences. They can be used not only to
identify and select the alleles in natural or breeding popula-
tions but to assist in pyramiding different genes with related
markers [18]. Functional markers have been used in wheat
[19], barley [20], rye [21], maize [22], and rice [23], and have
been developed for efficiently identifying genes including
GmNARK [24], Gy4, mutant α [25], and Gmbadh2-2 [26].
In this study, four cleaved amplified polymorphic se-
quences (CAPS) markers were developed on the basis of four
nonsynonymous SNPs and one insertion/deletion (Indel)
marker developed from intron variation. The GmTfl1 geno-
type was identified among 1120 varieties bred in China over
the past 60 years. The distribution of different alleles was
analyzed and the results provide a theoretical foundation for
breeding new varieties adapted to different ecoregions.2. Materials and methods
2.1. Materials
A total of 1120 soybean varieties bred from 1954 to 2012 were
provided by the Chinese National Soybean Genebank at the
Institute of Crop Science, Chinese Academy of Agricultural
Sciences. Phenotypic data of stem growth habit were obtained
from the records of the National Germplasm Evaluation
Program of China (NGEPC). The soybean varieties were from
three main ecological regions: the Northern (NR), Huang-Huai
(HR), and Southern (SR) ecoregions, which are distinguished by
cropping system and subclassified into 10 subregions [17,27].
Varieties used in this study were from six of the 10 subregions,
referred to as Northeast spring, North spring, Huang-huai
spring, Huang-huai summer, South spring, and South summer.
2.2. Leaf tissue collection and genomic DNA extraction
The materials were planted at the Shunyi Research Station of
Chinese Academy of Agricultural Sciences in Beijing in the
spring of 2011 and Heilongjiang. Each variety was planted in a
4-row, 3-m long plot with 0.45-m spacing. Leaves were
collected from 8 to 10 plants of each variety and frozen in
liquid nitrogen. DNA was isolated with a Genomic DNA
Purification Kit (Thermo Fisher Scientific).
2.3. Marker development and genotyping
Gene functional markers were developed based on the sequence
variation of different GmTfl1 alleles. Indel marker TFL1ab (with
primers 5′-GGTTGAGATTGAGGGTGGTG-3′ and 5′-GGGGGACATT
TGCTTAATGA-3′) was developed based on AA and AAGC
insertion at positions 285 and 306 in the first intron of GmTfl1-b
and used to distinguish GmTfl1-a and GmTfl1-b. The cleaved
amplified polymorphic sequence (CAPS) marker tfl1ta (5′-CCAC
ACTCCCTTCTTCCTCA-3′ and 5′-TCACTAGGGCCAGGAACATC-
3′) was developed based on the G- > T variation at position 185
373T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 3 7 1 – 3 7 8of the first exon of Gmtfl1-ta. CAPS marker tfl1b (5′-TGCCACATT
TGGTAGG TTCA-3′ and 5′-CATAGCATACACACTAGTCA-3′) was
developed based on three single-nucleotide variations (C- > T,
G- > A, and A- > T) at positions 1130, 1181, and 1288 of exon 4.
PCR was conducted in the T100 Thermal Cycler (Bio-Rad,
Hercules, CA, USA). PCR products of the Indel marker were
separated with polyacrylamide gel electrophoresis. For the
CAPS markers, PCR products were digested with appropriate
restriction enzymes and separated on 1.8% agarose gel.
2.4. Statistical analysis
Statistical analysis and allelic frequency distribution were
performed with Microsoft Excel 2010. The Shannon–Weaver
genetic diversity index computation formula was used to
calculate the Dt1 loci genetic diversity of different classified
groups by the following formula [28]:
H ¼ −
Xs
i¼1
Pi lnPi
where Pi is the fraction of i allelic mutation occurrences
among all Dt1 alleles.3. Results
3.1. Stem growth habits of soybean varieties in different
ecoregions
We analyzed the distribution of growth habit of 1120 soybean
varieties in the three large soybean growing ecoregions in China.
In Northern ecoregion, amajority of varieties (51.4%) exhibited a
semi-determinate growth habit. A high proportion (35.5%) of
indeterminate growth habit was also found in this subregion,
whereas the determinate growth habit accounted for only 13.0%.
Of the varieties from the Huang-Huai ecoregion, 56.6% were
determinate, 32.6% of semi-determinate, and only 10.8%
indeterminate. Nearly all (93.0%) varieties from the Southern
ecoregion were determinate, with only 5.3% semi-determinate
and 1.8% indeterminate (Fig. 1).0
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Fig. 1 – Distribution of three stem growth habits in three
ecoregions. NR: Northern ecoregion, HR: Huang-Huai
ecoregion, SR: Southern ecoregion.3.2. Development of molecular markers for different Dt1
genotypes
The Indel marker of TFL1ab was designed to distinguish
GmTfl1-a and GmTfl1-b according to the AA and AAGC deletion
in GmTfl1-b (Fig. 2-a). Varieties containing the insertions yield
fragments of 245 bp corresponding to the GmTfl1-a allele,
whereas those lacking the insertions yield 239-bp fragments
corresponding to the GmTfl1-b allele (Fig. 2-b).
A CAPS marker was designed as tfl1ta based on the G to T
mutation in the first exon of GmTfl1. The PCR product of
Gmtfl1-ta was 537 bp and could not be digested by Ava II, but
the other genotypes could be digested into two fragments of
271 bp and 266 bp, respectively.
The 511 bp fragment amplified by CAPS marker tfl1b
includes three SNP mutations corresponding to Gmtfl1-bb,
Gmtfl1-tb, and Gmtfl1-ab, respectively. The PCR product of
Gmtfl1-bb was digested into two fragments with (140 and
371 bp) by Hind III, whereas the products of other genotypes
could not be cleaved. The products of Gmtfl1-tb were digested
by Ac c I into two fragments with lengths 280 and 231 bp,
whereas the other genotypes were cut into three fragments of
89, 191, and 231 bp. The PCR products for allele Gmtfl1-ab
could be digested by HpyCH4III into three fragments with
lengths of 102, 194, and 215 bp, whereas the other genotypes
were cut into two fragments of 194 and 317 bp (Fig. 2-b).
3.3. Distribution patterns of Dt1 genotype in different
ecoregions
To determine the distributions of different alleles of Dt1 in
soybean varieties, the Indel and CAPS markers were used to
genotype 1120 soybean varieties. Among the 1120 varieties
tested, 68.6% carried the dominant allele GmTfl1, with GmTfl1-a
and GmTfl1-b accounting for 30.7% and 37.9%, respectively. The
four recessive alleles Gmtfl1-ta, Gmtfl1-ab, Gmtfl1-bb, and Gmtfl1-tb
accounted for 12.9%, 12.8%, 5.7%, and 0.1%, respectively.
In the Northern subregion, the respective proportions of
GmTfl1 and Gmtfl1 were 86.1% and 13.9%, (Fig. 3), whereas in
the Huang-Huai and Southern subregions, they were 40.1%,
59.9% and 10.5%, 89.5%. Thus, the indeterminate genotype
was the most common one in Northern ecoregion, and the
proportion of the determinate genotype was slightly higher
than that of the indeterminate genotype in the Huang-Huai
ecoregion. However, determinate genotypes were most com-
mon in the Southern ecoregion.
In the Northern ecoregion, five of the six alleles for GmTfl1,
GmTfl1-a, GmTfl1-b, Gmtfl1-ta, Gmtfl1-bb, and Gmtfl1-ab were
observed and Gmtfl1-tb was absent. In the Huang-Huai
ecoregion, all six alleles were found, but GmTfl1-a, Gmtfl1-ta,
Gmtfl1-ab, and Gmtfl1-bb accounted for the largest number.
Five alleles could be detected in the Southern ecoregion, with
GmTfl1-a, Gmtfl1-ab, and Gmtfl1-bb the most common alleles
and Gmtfl1-tb absent.
Further analysis showed that the proportions of the
various alleles differed not only by ecoregion but by
sub-ecoregion. GmTfl1-a was present in relatively high pro-
portion in three sub-ecoregions: Huang-Huai spring (HSp),
Huang-Huai summer (HSu), and North spring (NSp); GmTfl1-b,
in contrast, had a relatively high proportion in the Northeast
5’UTR 3’UTR
Gmtfl1-ta: G185T Gmtfl1-bb: C1130T
Gmtfl1-tb: G1181A
Gmtfl1-ab: A1288T
GmTfl1-a: AA insertion; AAGC insertion
285; 306A
GmTfl1-b: AA deletion; AAGC deletion
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Fig. 2 – Molecular markers developed from GmTfl1 gene for genotyping Chinese soybean varieties. (A) Diagrammatic
representation of polymorphic sites used for development of Indel and CAPSmarkers. Grey rectangles represent 5′ and 3′UTRs.
Blue rectangles represent exons and black rectangles represent introns. Arrowsmark the positions of insertions/deletions and
single-nucleotide polymorphic sites for different alleles of the GmTfl1 gene. (B) DNA markers distinguishing each allele from
the other. The Tfl1ta + Ava II marker distinguished Gmtfl1-ta from other alleles; Tfl1b + HpyCh4III distinguished Gmtfl1-ab from
other alleles; Tfl1b + Hind III distinguished Gmtfl1-bb from other alleles; Tfl1b + Acc I distinguished Gmtfl1-tb from other alleles;
TFL1ab distinguished GmTfl1-a and its derived recessive alleles Gmtfl1-ta from GmTfl1-b and its derived recessive alleles
Gmtfl1-ab, Gmtfl1-bb, and Gmtfl1-tb.
374 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 3 7 1 – 3 7 8spring (NESp), North spring, and South summer (SSu)
sub-ecoregions. The four recessive alleles were distributed as
follows: Gmtfl1-ab was ubiquitous with no particular distribu-
tion trend, Gmtfl1-ta was found mostly in the Huang-Huai
spring and summer and South spring (SSp) sub-ecoregions,
Gmtfl1-bb was distributed mainly across the four sub-
ecoregions in the Huanghai and Southern areas, and Gmtfl1-tb
was found only in the Huang-Huai summer sub-ecoregion
(Fig. 4).
The numbers of alleles present in the different sub-
ecoregions were in the following order: Huang-Huai summer >
Huang-Huai spring and South summer > Northeast spring,
North spring, South spring. The order of the genetic diversity
index for each sub-ecoregion was Huang-Huai summer >
Huang-Huai spring > North spring > South spring > South
summer > Northeast spring (Table 1). This result shows that
varieties in the Huang-Huai ecoregions had the highest varia-
tion at Dt1, followed by that of the North spring sub-ecoregion,and that the lowest diversity of GmTfl1 was found in the
Northeast spring sub-ecoregion.
3.4. Changes in allele frequency of GmTﬂ1 during the soybean
breeding history of China
Of the 1120 soybean varieties used, 940 had records of the year
in which they were released. Using this information, the
characteristics of varieties released in the last 60 years were
analyzed. The varieties were divided into subgroups by 5-year
release intervals (Fig. 5). Of varieties released in the Northern
eco-region during the 60-year period, 77.7–91.5% carried the
GmTfl1 allele. After the 1970s, recessive alleles accounted for
50.0–68.8% of varieties from the Huang-Huai ecoregion.
Although there were no obvious frequency changes of
recessive and dominate genotypes in either the Northern or
Huang-Huai ecoregions, the relative frequency of the reces-
sive Gmtfl1 increased from 8.5% to 22.3% and 57.1% to 68.8%
Fig. 3 – Distributions of six different alleles at the GmTfl1 locus in Northern, Huang-Huai and Southern ecoregions.
HR: Huang-Huai ecoregion; NR: Northern ecoregion; SR: Southern ecoregion.
375T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 3 7 1 – 3 7 8after 1996 in the two eco-regions. The genetic diversity index
of GmTfl1 showed similar trends in the Northern and
Huang-Huai eco-regions, increasing in the former during
1954–1980, decreasing over five years, and then gradually
increasing to 1.2; and increasing in the latter during
1961–1985, decreasing over 10 years, and then increasing to
1.4 (Fig. 6). These trends suggest that the artificial selection of
different genotypes of GmTfl1 during the breeding process
increased the genetic diversity of growth habit. The Southern
varieties were not included in this analysis, owing to their
relatively low numbers.0
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Fig. 4 – Proportions of six different alleles at GmTfl1 locus in six s
NSp: North spring sub-ecoregion; HSp: Huang-Huai spring sub-e
SSp: South spring sub-ecoregion; SSu: South summer sub-ecore3.5. Consistency of stem growth habit and GmTﬂ1 genotype
According to a consistency analysis of stem growth habit
phenotype and genotype in this experiment (Table 2), 297 of
337 soybean varieties with determinate stem growth habit
had the Gmtfl1 (including Gmtfl1-ta, Gmtfl1-ab, Gmtfl1-bb, and
Gmtfl1-tb) genotype, for a consistency of 88.1%. Among the 487
soybean varieties with semi-determinate stem growth habit,
440 varieties (90.4%) had genotype GmTfl1 (including Gmtfl1-a
and Gmtfl1-b). Among the 296 soybean breeding varieties with
indeterminate stem growth habit, 288 varieties had genotypeHSu SSp SSu
Gmtfl1-ab Gmtfl1-bb Gmtfl1-tb
ub-ecoregions. NEs: Northeast spring sub-ecoregion;
coregion; HSu: Huang-Huai summer sub-ecoregion;
gion.
Table 1 – Genetic diversity index of different GmTfl1
alleles in six sub-ecoregions.
Category Number
of variety
Number
of alleles
Genetic diversity
index
Northeast spring 546 4 0.8779
North spring 183 4 1.1892
Huang-Huai spring 23 5 1.2513
Huang-Huai summer 311 6 1.3881
South spring 36 4 0.9789
South summer 21 5 0.9034
Mean 4 1.0981
376 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 3 7 1 – 3 7 8GmTfl1 (including GmTfl1-a and GmTfl1-b) for a consistency of
97.3%.4. Discussion
4.1. Relationship between stem growth habit and ecological
environment and geographic distributions of GmTﬂ1 alleles
Chang et al. [29] found that, in the north of the Northern
ecoregion, determinate varieties were very rare, and from
north to south the frequency of determinate varieties gradu-
ally increased. The stem growth habit in the Huang-Huai
ecoregion included both indeterminate and determinate, and
in the Southern area, determinate types were predominant.
Zhang found that areas with high temperature and humidity
are more suitable for determinate varieties, areas with limited
rain and water are suitable for indeterminate varieties, and
semi-humid regions are most often planted with determinate
ones [30]. Sun and Song [31] found that in some northern
areas in China with fertile soil, sufficient rainfall and heat
energy, determinate varieties are favored under summer and
autumn sowing conditions, whereas in the spring soybean
region in the northeast and northwest, Inner Mongolia, and
part of Shaanxi province that have low temperatures and
limited rainfall and fertility, the climate is more suitable for
growing indeterminate varieties, given that these varieties
have a long period between vegetative and reproductive0
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Fig. 5 – Genotype frequencies of GmTfl1 and Gmtfl1 over 60 years i
ecoregions. HR: Huang-Huai ecoregion; NR: Northern ecoregion.growth and scattered flowering times, thereby displaying
stronger adaptive capacity under imperfect growth condi-
tions. Our results were consistent with these previous results.
In the present study, the distribution of dominant and
recessive genotypes of GmTfl1 is consistent with that found in
soybean landraces of the minicore collection [17]. Unlike the
minicore collection, in which Gmtfl1-bb was not observed in
the Northern ecoregion, it accounted for 0.4% of varieties in
the Northeast spring sub-ecoregion in our study. Although
GmTfl1-b and Gmtfl1-ta were not observed in the Huang-Huai
spring sub-ecoregion in the minicore collection [17], these two
have proportions of 4.3% and 26.1% in Huang-Huai spring
breeding varieties. Gmtfl1-tbwas found in the Northern spring,
Huang-Huai summer, and Southern summer sub-ecoregions
in the minicore collection [17]. However, in this study, only
one variety with Gmtfl1-tb genotype was found in the
Huang-Huai summer sub-ecoregion. The difference in the
distribution of these alleles among landraces and varieties
shows that this locus was also under selection during the
adaptation of soybean to various ecological and cultural
conditions. Among the American ancestor varieties, no
Gmtfl1-ta and Gmtfl1-tb alleles were found, with both Gmtfl1-bb
and GmTfl1-a having been eliminated during modern Ameri-
can soybean breeding [17]. However, all four alleles can be
found in Chinese varieties, although Gmtfl1-tb is extremely
rare, indicating a broader genetic base of Chinese varieties
based on the higher level of genetic diversity in the Chinese
soybean germplasm collection.
4.2. Molecular markers for different Gmtﬂ1 alleles and their
application
In this experiment, functional molecular markers associated
with alleles controlling soybean stem growth habit were
developed, and the identification efficiencies for the determi-
nate, semi-determinate, and indeterminate growth habits in
1120 soybean varieties were 88.1%, 90.3%, and 97.3%, respec-
tively. The marker-assisted selection efficiency for determinate
and semi-determinate varieties was lower than that for
indeterminate varieties. The possible reason may be theear
NR GmTfl1 NR Gmtfl1
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Fig. 6 – Changes in genetic diversity index in varieties from Northern and Huang-Huai ecoregions released during 1954–2012.
HR: Huang-Huai ecoregion, NR: Northern ecoregion.
377T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 3 7 1 – 3 7 8difficulty of distinguishing the determinate from the semi-
determinate phenotype in diverse soybean germplasm [32].
Classical genetic analyses have shown that soybean growth
habit is regulated by both Dt1 and Dt2 [8]. Soybean with Dt2/Dt2
and dt2/dt2 genotypes all show determinate phenotype in dt1/
dt1 background, but Dt2/Dt2 and dt2/dt2 in the Dt1/Dt1 back-
ground showsemi-determinate and indeterminate phenotypes,
respectively. Although Dt2, a MADS domain factor gene, has
recently been cloned, no clearly causative variation of Dt2 was
found, making it difficult to evaluate the genotypes of Dt2 in
soybean germplasm with molecular markers [8,32]. The geno-
typic database of stem growth habits established in the present
experiment may be useful for future selection of parental lines
using molecular markers.
The proportions of the various alleles in this experiment
suggest that the individual alleles may have differing advan-
tages within and between the different ecoregions. The
ubiquity of GmTfl1 in the Northeast spring and Northern
spring sub-ecoregions suggests that this allele is especially
advantageous in those ecoregions, but that there is variation
among the alleles present, such that the most common allele
in Northeast spring varieties is GmTfl1-b and those in
Northern spring varieties are GmTfl1-a and GmTfl1-b. The
main alleles in Huang-Huai spring varieties are GmTfl1-a and
Gmtfl1-ta. In the Southern soybean sub-ecoregions, the main
alleles are Gmtfl1-bb for Southern spring varieties and
Gmtfl1-ab and Gmtfl1-bb for Southern summer varieties. The
widespread presence of Gmtfl1-ab across all ecoregions may
be due to its relatively high adaptability. Thus, knowledge ofTable 2 – Genetic diversity index of six different alleles in three
Category Number of GmTfl1
genotype
Number of Gmt
Tfl1-a Tfl1-b Total tfl1-ta tfl1-ab tfl1-
Determinacy 26 14 40 120 121 55
Semi-determinacy 211 229 440 22 18 7
Indeterminacy 107 181 288 2 4 2
Total 344 424 768 144 143 64stem growth habits in different ecoregions and the distribu-
tion proportions of the alleles for gene GmTfl1 could provide
theoretical guidance for directional breeding.Acknowledgments
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